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Introduction
During the last decade the progress in chemical, physical, material and biological sciences resulted in the possibility of bone tissue engineering, i.e. a biologically based method for repair and regeneration of natural tissues [1] [2] [3] [4] . A key component in tissue engineering for bone regeneration is the scaffold, that acts as a template for cell interactions and for the growth of bone-extracellular matrix to provide structural support to the newly formed tissue [5] .
Many researchers have tried to define which properties are required for an optimal synthetic scaffold, in particular for bone tissue replacement [6] [7] [8] [9] [10] [11] [12] [13] [14] . First of all scaffolds need to be biocompatible. A three-dimensional (3-D) internal geometry, similar to bone morphology, and the retention of mechanical properties after implantation are required for scaffolds in order to maintain a tissue space of prescribed size and shape for tissue formation. A porosity higher than 50-60%vol.
seems to be necessary. In the case of ceramic scaffolds, a macroporosity of 100-500 μm is needed to promote bone cell attachment, and a microporosity of less than 10 μm should favour ion and liquid diffusion [15] .
Scaffold properties depend primarily on the nature of the biomaterial, on the fabrication process [16] [17] [18] [19] and on the implant 3-D micro-architecture. The nature of the biomaterial has been the subject of extensive studies including different materials such as metals, ceramics, glasses, chemically synthesized polymers, natural polymers and combinations of these materials to form composites. Moreover, several methods have been developed to create highly porous scaffolds, including fiber bonding [17] , solvent casting/particulate leaching [20] , gas foaming [19] , phase separation [21] , space holder technique [22, 23] . Interstitial flow has been shown to have an important role in bone growth [24] . The scaffold 3-D architecture determines the level of flow inducing shear stress on cells adhered to the scaffold walls both in vitro (for tissues cultured in bioreactors) and in vivo.
The replication process to produce 3D-scaffolds presents interesting advantages. This technique involves the use of a macroporous polymeric skeleton that is impregnated with a slurry (suspension) containing the bioactive glass particles; the impregnated sponge is then thermally treated to remove the polymeric phase and to sinter the inorganic one. The optimization of the process parameters finally leads to a highly bioactive 3D-macroporous structure [25] , characterized by an open and highly interconnected porosity, analogous to the one of the spongious bone [25] [26] [27] . These scaffolds can undergo a partial bioresorption due to ions leaching phenomena.
The aim of this study was to characterize bioactive and bioresorbable glass-ceramic scaffolds. In particular, microarchitectural parameters were evaluated by X-ray micro-computed tomography (micro-CT). X-ray computed microtomography is known to be a unique technique for the noninvasive, non-destructive 3-D characterization of materials in medicine, material science and biology. Micro-CT is a 3-D radiographic imaging technique, similar to conventional computed tomography (CT) systems used in medical and industrial applications. Unlike such systems, which typically have a maximum spatial resolution of about 1 mm 3 , micro-CT is capable to achieve a spatial resolution of the order of 1 μm 3 . In particular, synchrotron radiation offers the possibility to select X-rays with a small energy bandwidth from the wide and continuous energy spectrum and, at the same time, it guarantees a high enough photon flux for efficient imaging [28] [29] [30] . Moreover, the use of synchrotron radiation allows to tune the selected photon energy in order to optimize the contrast of the different phases in the investigated samples. This possibility sparks great interest for micro-CT since it allows high spatial resolution images to be generated from 10 to 1 μm, with high signal-to-noise ratio [31] [32] [33] . The recent use of micro-CT in scaffold research has enabled accurate morphological studies to be carried out, yielding comprehensive data sets [34] [35] [36] [37] [38] [39] [40] [41] [42] . Very promising and advanced fields of investigations can be opened by micro-CT in tissue engineering [43] , but in most of the research works its use is limited to the visualization of the scaffold morphology and the determination of its porosity while the investigation of the newly formed phase is usually carried out only at the scaffold surface by SEM and X-ray diffraction [44] [45] . Research studies reporting
In this work an accurate analysis of 3-D scaffold structure was performed, in order to confirm and extend the promising results, already showed in previous works, concerning the use of CEL2 glassceramic as effective biomaterial for scaffolding. In particular, micro-CT analysis is used to study the new phase 3D distribution in the bulk material and its evolution as a function of the soaking time in a simulated body fluid and TRIS-HCl medium. These results are completed by SEM and Xray diffraction measurements.
Materials and methods
In this study, glass-ceramic macroporous scaffolds were prepared using a polyurethane (PU) sponge such as organic template and bioactive glass-ceramic powders.
The chosen glass-ceramic, belonging to the system SiO 2 -P 2 O 5 -CaO-MgO-Na 2 O-K 2 O (CEL2), was already studied and characterized in previous works [23, 25] due to its excellent biocompatibility and bioactivity [46] , and has the following molar composition: 45% 
Scaffolds preparation
The organic template used in this work is an open-cell polyurethane sponge characterized by a highly interconnected macroporosity. The sponge was cut into 1.5 cm × 1.5 cm × 1.5 cm cubic blocks and then impregnated with a slurry containing CEL2 particles (weight composition: 25% CEL2, 6% PVA, 69% water). First PVA was hydrolyzed and stirred in distilled water at 60 °C and, after 1 h of mixing, the glass powders were added to the solution. Then the polymeric template underwent the infiltration process: the sponge blocks were soaked in the glass slurry and taken back for several times, followed by cycles of compression to shrink the sponge in thickness along the three spatial directions, in order to remove the exceeding slurry. Afterwards the samples were thermally treated at 950 °C for 3 h (heating and cooling rate were 5 and 10 °C/min respectively) in order to remove the polymeric phase and to sinter the inorganic one, so that macroporous glassceramic scaffolds were produced.
The scaffolds were soaked for 1 week and for 4 weeks in 25 ml of simulated body fluid (SBF) and TRIS-HCl [47] , maintained at 37 °C in polyethylene bottles and according to ISO standard [48] .
The scaffolds, before and after the soaking in SBF and TRIS-HCl, were characterized by means of morphological investigations (SEM, Philips 525 M), compositional analysis (EDS, Philips EDAX 9100), X-ray diffraction analysis (Rigaku Denki diffractometer) and, specifically, X-ray computed microtomography (micro-CT).
X-ray computed microtomography
Micro-CT experiments were performed at ELETTRA (Trieste, Italy), on the beamline SYRMEP, CCD detector, with the pixel size set to 9 μm. The 3D structure was finally reconstructed using a filtered back-projection algorithm. A volume of interest was reconstructed for each sample; a single voxel of the reconstructed image had a size of 9 × 9 × 9 μm 3 . The linear attenuation coefficient for the employed X-ray energy ranged between 0 and 9 cm -1 , distributed in 256 image gray levels.
A 2 GHz Pentium with 1 GB RAM and the commercial software VG Studio MAX 1.2. were used to generate 3-D images and to show the distribution of phases in 3-D. A scatter HQ algorithm with oversampling factor of 5.0 and activated color rendering was used in order to achieve optimal settings for the image quality.
Extraction of quantitative parameters
Quantitative analysis of the 3-D architecture was performed, based on the structural indices usually measured for bone samples [49] . Porosity was measured using IDL Virtual Machine (plug-in Blob3D). Blob3D is designed for efficient measurement of up to thousands of discrete features (e.g. clasts, mineral grains, porphyroblasts, voids) within a single sample [51] . Blob3D is unique because it gives the program operator primary control over data elaboration and interpretation, and all computations are carried out in 3-D, rather than individually on a series of 2-D slices.
Results and Discussion
In this study, 3-D glass ceramic scaffolds were prepared by adopting the sponge impregnation method, using an open-cells PU sponge as a template and CEL2 powders. The impregnated sponge underwent a thermal treatment at 950 °C for 3 h to allow the organic phase removal and to sinter the glass particles. The PU is completely removed at 600 °C, thus no contamination of the CEL2 scaffolds was foreseen and was actually found after sintering. Figure 2a shows the structure of the PU open-cells sponge used as template in this work. The sponge exhibits a texture similar to spongious bone, with highly interconnected macropores ranging within 100-1000 m. The result of the impregnation process is reported in fig. 2b . The sponge trabeculae are almost uniformly coated with CEL2 powders; some clotted pores can be observed, probably due to an incomplete removal of the exceeding slurry. As assessed by SEM investigations, the resulting scaffolds are characterized by open and interconnected macropores; for instance figure 2c shows some macropores with their struts. Moreover, a good degree of sintering, resulting in dense scaffold trabeculae, and a high porosity interconnection can be observed. The macropores size is ranging within 100-500 μm, and the pores struts thickness is about 10-50 μm. A high degree of interconnection is crucial to attain a good viability of the inner parts of the scaffold, thus promoting a proper vascularization of the graft and an effective bone in-growth in vivo. A good degree of sintering and densification of the trabeculae was also achieved, in order to guarantee a structure and a mechanical strength of the implant comparable to the properties of spongious bone.
Morphological characterization
The prepared scaffolds were investigated by X-ray computed microtomography. The macroporous network and the strut microstructure of the investigated samples are illustrated in fig. 3 . The 3-D model of the scaffold structure confirms that CEL2 scaffolds possess an interconnected pores network similar to trabecular bone. This result is consistent with SEM observations reported in fig.   2 .
Immersion studies in SBF and in TRIS: microstructural characterization
The same 3-D scaffolds were treated in a simulated body fluid (SBF) for different time intervals in order to study the formation of hydroxyapatite crystals on the scaffold struts and on the internal pore walls. The 3-D scaffolds were also soaked in a buffered medium (TRIS-HCl) for different time intervals to assess the scaffold bioresorption with time, according to ISO standard [48] .
Specifically, the study in SBF is useful to analyse the in vitro bioactivity of the CEL2 scaffolds, whereas the study in TRIS solution gives information about the samples bioresorbability. Moreover, a peak approximately between gray levels 125 and 170 appears after immersion, corresponding to the newly formed phase. This peak is evident after 4 weeks, while its presence after 1 week is masked between the other two peaks. Anyway it can be actually put into evidence by observing that the whole spectrum is well fitted by the overlap of three Pearson-7 functions, one for each phase (Fig. 6c-d ). This analysis also allows the definition of the gray level thresholds mentioned above, and shows how the newly formed phase increases (the corresponding peak rises)
with the soaking time. Figure 7 shows the XRD spectra of the scaffolds before (A) and after the A more accurate quantitative evaluation both of bioactivity and of bioresorption rate of the scaffolds was also performed. Considering the samples soaked in SBF, used for in vitro bioactivity study, the average thickness of HAp layer as a function of the immersion time was measured and the curve is reported on fig. 10 . As it can be observed, with increasing immersion time there was a significant increment of the HAp layer thickness. In particular, after 4 weeks the average HAp thickness increased to a value of almost 14.0 m, which is comparable to SEM results ( fig. 8 ) if one takes into account that it is an average over the whole reconstructed volume. For what concerns the bioresorption study, the scaffolds soaked in TRIS were considered. Specifically, the average thickness of scaffold walls as a function of soaking time was evaluated; these results are presented in fig. 11 . In particular, after 4 weeks of immersion in TRIS the average thickness of scaffold walls decreased from 60.0 m to a value of about 39.7 m, but even after 1 week the porous scaffolds were already subjected to degradation.
Pore analysis
Porosity (% vol.) is defined as the percentage of void space in a solid [52] and it is a morphological property independent of the material. Pores are necessary for bone tissue formation because they allow migration and proliferation of osteoblasts and mesenchymal stem cells, as well as a proper vascularization of the implant [53] . In addition, a porous surface improves mechanical interlocking between the implant biomaterial and the surrounding natural bone, providing higher mechanical stability at this critical interface [54] .
The calculated porosity, reported in table 1, shows that all the scaffolds exhibit a high percentage of porosity (about 50-60 %vol.). In particular, the total porosity slightly decreases after immersion in SBF ( fig. 12a) , and increases after soaking in TRIS ( fig. 12b ). These data are consistent with bioactivity/bioresorption studies previously exposed. The scaffold bioresorption observed in TRIS, involving a decrease of scaffold walls thickness, causes an increase of void fraction, i.e. pore content. On the contrary, the deposition of a HAp layer on the scaffolds soaked in SBF involves a progressive pore clotting, i.e. a decrease of the porosity.
A 3-D representation of the pores is showed in fig. 13 and was used to calculate the pore size distribution ( fig. 14) . All results demonstrate that both before and after soaking in TRIS/SBF the scaffolds exhibit a bimodal porous structure. In fact both macropores, ranging within 100-500 μm, and micropores (size 1-100 μm), whose presence is crucial for proteins and cells adhesion, can be observed. In particular, in fig. 14b an increase of micropore amount after soaking in TRIS can be seen. This behaviour can be understood by considering the bioerosion phenomena occuring during the immersion in TRIS, in which the material bioresorption involves the formation of little pits and micropores on the scaffold walls. This is also consistent with the scaffold structure data reported in table 1, showing that a significant decrease of average pore diameter (TbSp) occurs after 4 weeks in TRIS. In fact, the increase of small micropore content, in comparison with the whole pore amount, involves the decrease of the average pore diameter.
Conclusions
In this study, 3-D highly porous scaffolds, with a trabecular texture similar to cancellous bone, were fabricated via sponge-replication method. The prepared scaffolds were soaked in SBF and TRISHCl for different time intervals and then investigated by means of X-ray micro-CT. This technique provides an excellent non-destructive way to analyse the inner structure, the total porosity, the pore size distribution and the pore morphology of scaffolds for tissue engineering. This structural characterization method is not afforded by other conventional porosity analysis techniques.
Moreover, X-ray micro-CT offers a unique capability to analyse the tissue in-growth and monitor the kinetic changes occurring in pore morphology of tissue-engineering scaffolds during in vitro and in vivo tests.
Micro-CT analysis results were compared with XRD and SEM investigations. It was observed that Tables   Table 1. Summary of structural characteristics of highly porous glass-ceramic scaffolds. 
